Introduction
============

Retinopathy of prematurity (ROP) is a leading cause of childhood blindness worldwide. ROP involves two discrete phases. In phase 1, the retina is relatively hyperoxic with decreased vascular endothelial growth factor (VEGF) levels, whereas in phase 2, the retina is relatively hypoxic with increased VEGF levels.^([@B1])^ Currently, ROP is treated with photocoagulation and cryotherapy in phase 2 to decrease the VEGF levels. These treatments require the destruction of the peripheral retina that may cause permanent loss of the peripheral visual field and induction of significant myopia. More recently, the benefits of intravitreal bevacizumab monotherapy for ROP was reported.^([@B1])^ However, injected bevacizumab can escape from the eye into the systemic circulation and cause systemic complications.^([@B2])^ Therefore, novel treatments for the prevention of ROP in phase 1 are under evaluation. Over the past decades, the number of infants with ROP has increased because of the increased survival rates of very low birth weight infants.^([@B3])^ Mean serum insulin-like growth factor-1 (IGF-1) levels in premature infants are directly correlated with the severity of clinical ROP.^([@B4],[@B5])^ Research has shown that the sufficient intake of nutrients may increase serum IGF-1 levels and may be beneficial in preventing ROP.^([@B4])^ Human breast milk increases the circulating IGF-1 levels more than supplementation with formula.^([@B6])^ Nutrition management for very low birth weight infants has dramatically changed since the 2000s; early aggressive nutrition therapy has been shown to prevent extrauterine growth restriction and anomalous development of preterm infants.^([@B7]--[@B9])^ Furthermore, this aggressive nutrition therapy increases serum IGF-1 levels, which may prevent ROP development.^([@B10])^ However, there are few clinical reports on the effects of aggressive nutrition therapy for preterm infants with ROP.

Consequently, we investigated the effects of abundant breast milk intake on weight gain, retinopathy, retinal VEGF levels, and serum and retinal IGF-1 levels in a rat model of oxygen-induced retinopathy (OIR).

Methods
=======

Animal model
------------

All experiments were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. All experiments were approved by The Institutional Committee of Animal Care and Use at Showa University Institution (Tokyo, Japan). Female Sprague--Dawley rats at 14 days gestation were purchased from CREA Japan (Tokyo, Japan). Within approximately 6 h of birth, the neonatal rat pups were randomly divided into 2 groups as follows: each dam was given 7 pups/litter (7-rats group) or 14 pups/litter (14-rats group). It is previously reported that average litter size, which one rat dam gives birth, was from 6 to 14 pups in general.^([@B11],[@B12])^ Therefore we set 14 pups/litter for maximum average litter size, and 7 pups/litter for half number of maximum average litter size to discriminate breastfeeding volume between each litter. To create OIR model, the two groups were exposed to daily cycles of 80% oxygen (20.5 h), ambient air (0.5 h), and a progressive return to 80% oxygen (3 h) in an Oxycycler (Biosperix, NY) from postnatal day (P) 0 to P12. The rats were then placed in ambient air until P18. The dams were rotated among the groups every two days.^([@B13])^ Body weight of rat pups was measured every day.

Blood samples and retina processing
-----------------------------------

At P13, and 18, the rat pups were sacrificed by intraperitoneal (IP) injection of sodium pentobarbital (0.65 mg/g body weight). Blood samples were collected from the left ventricle and centrifuged at 10,000 rpm for 5 min at 4°C. The serum samples were stored at −80°C for ELISA testing. Both eyes were enucleated, and the right eyes were fixed for 48 h in 4% paraformaldehyde in cacodylate buffer (0.1 M, pH 7.2). The cornea, lens, and sclera were removed under a microscope and the retina was stained with adenosine diphosphatase (ADPase). The intensity of neovascularization (NV) in each retina was determined as a total of individual quadrant scores using previously described methods (e.g., score 4, long ridge; 3, short ridge; 2, five or more glomerular buds; 1, less than five glomerular buds; and 0, none observed).^([@B14],[@B15])^ The retinas were then flat-mounted as previously described.^([@B14],[@B16])^ Digital images of the flat-mounted retinas were obtained using a D100 (Nikon, Tokyo, Japan). The total retinal areas (TRA) and peripheral avascular area (AVA) were measured using Image J software (NIH, Bethesda, MD). The vascularized area (VA) in the retina was calculated as the TRA less the peripheral AVA. The peripheral AVA was expressed as a percentage of the TRA (%AVA). Fig. [1](#F1){ref-type="fig"} shows typical digital image of flatmounted ADPase stained retina.

Fresh tissue preparation
------------------------

The enucleated left eyes were dissected under a microscope. The retinas were isolated and placed in 100 µl of tissue protein-extraction reagent (T-PER, Pierce, Chicago, IL) with a protease inhibitor cocktail (1:100, Sigma-Aldrich, St. Louis, MO). The tissue was homogenized and the lysate was centrifuged at 10,000 rpm for 10 min at 4°C. The supernatant was collected and stored at --80°C for ELISA testing.

VEGF and IFG-1 measurements
---------------------------

The Quantikine rat VEGF Immunoassay kit (R&D systems, Minneapolis, MN) was used to measure retinal VEGF levels, while the Quantikine rat IGF-1 Immunoassay kit (R&D systems) was used to measure serum IGF-1 levels according to the manufacturer's protocol. Total protein was quantified using a BCA protein assay reagent kit (Thermo Fisher Scientific, Waltham, MA) using bovine serum albumin as the standard.

Statistical analysis
--------------------

The Mann-Whitney *U* test was used to test for differences between the two groups. Spearman rank correlation coefficients were used to determine the relationships between the mean variables. Data were analyzed with SPSS ver. 20.0 software (Chicago, IL). The significance level was set at *p*\<0.05, and the data points were reported as means ± SE.

Results
=======

In total, 42 pups were examined (7-rats, *n* = 14; 14-rats, *n* = 28). Fig. [2](#F2){ref-type="fig"} shows that there was not significant difference between the body weight of 7-rats and 14-rats groups at P1 (*p* = 0.495). But from P2, the body weight of 7-rats was significantly bigger than that of 14-rats groups until the end of the study (*p*\<0.0001).

Seven retinal and serum samples from each group at each time point were used for analysis. In 14-rats groups, 7 samples were randomly chosen.

Retinal VEGF levels (pg/mg protein) were relatively higher in 7-rats (380.7 ± 56.5) than in 14-rats group (259.9 ± 29.6) at P13 (*p* = 0.142), and significantly higher in 7-rats (60.8 ± 9.2) than in 14-rats group (35.0 ± 5.5) at P18 (*p*\<0.05) (Fig. [3](#F3){ref-type="fig"}A).

Serum IGF-1 levels (ng/ml) were significantly higher in 7-rats than in 14-rats group at both P13 (264.3 ± 21.1 vs 179.3 ± 15.8: *p*\<0.05) and P18 (309.3 ± 17.5 vs 171.4 ± 16.1: *p*\<0.01) (Fig. [3](#F3){ref-type="fig"}B).

Seven flat-mounted retina samples from 7-rat groups and 14 samples from 14-rat groups obtained at each time point were used for this analysis to measure TRA (mm^2^), %AVA, VA (mm^2^), and NV score. TRA (mm^2^) was significantly larger in 7-rats than in 14-rats groups at both P13 (42.7 ± 1.5 vs 38.5 ± 0.9: *p*\<0.05) and P18 (43.7 ± 0.7 vs 41.5 ± 0.6: *p*\<0.05) (Fig. [4](#F4){ref-type="fig"}A).

%AVA was relatively larger in 7-rats than in 14-rats groups at P13 (40.3 ± 5.3 vs 27.6 ± 2.2: *p* = 0.062) and P18 (10.4 ± 3.2 vs 4.1 ± 1.1: *p* = 0.113), but no statistical significance was detected between two groups (Fig. [4](#F4){ref-type="fig"}B). There was not significant difference in VA (mm^2^) between 7-rats and 14-rats groups at either P13 (25.4 ± 2.4 vs 27.9 ± 1.2) or P18 (39.3 ± 2.0 vs 39.8 ± 0.8) (Fig. [4](#F4){ref-type="fig"}C).

Retinal NV only appeared at P18. The average NV score in the 7-rats group (4.9 ± 1.4) was higher than that in the 14-rats group (2.6 ± 0.7). But there was no statistical significance (Fig. [4](#F4){ref-type="fig"}D).

Discussion
==========

Nutritional intake of rat pups is entirely dependent on breast milk from their dams until P20;^([@B17])^ therefore, their body weight gain should be logically impacted by the amount of milk intake. In humans, ROP risk has been associated with low circulating IGF-1 levels and slow postnatal weight gain.^([@B14],[@B18],[@B19],[@B20])^ In mice experiments, it is reported that postnatal body weight gain may prevent the deterioration of retinopathy.^([@B21],[@B22])^ IGF-1 is related to nutrition supply, which is essential for both pre- and postnatal general growth as well as growth of the retinal vasculature.^([@B23],[@B24])^

We conducted this research to investigate the effects of abundant breast milk intake on weight gain, retinopathy, retinal VEGF levels, and serum IGF-1 levels in of OIR rat model. We had previously used 12--14 rat pups/litter as a standard OIR litter.^([@B13],[@B25]--[@B28])^ On the basis of these reports and average litter size that were reported by Taniguchi^([@B11])^ and Imamichi,^([@B12])^ we redistributed the pups litters at P0 among dams, i.e., smaller litters (7-rats groups) and larger litters (14-rats groups). Seven-rats groups were expected to be overfeeding. The rat OIR model is widely used as a mimic of clinical ROP.^([@B14],[@B16],[@B29],[@B30])^ This model comprises 2 phases. First, there is a suppression of retinal vessel development because of a decrease in growth factors, including VEGF, during hyperoxia. Second, there is an increase in VEGF levels during the development of peripheral avascular areas in the retina.

Dhaliwal *et al.*^([@B29])^ reported that the retinal vessels in normal rat pups nearly vascularized at P14. But retinal vessels in rats do not normally develop when they are exposed in high concentration of oxygen. In our study, retinal VEGF levels in OIR are expected to increase significantly at P13 when it is 24 h after the completion of oxygen exposure, and extraretinal neovascularization was observed at P18. Hellstrom *et al.*^([@B22])^ reported that serum IGF-1 levels were related to nutrition supply. In our study, serum IGF-1 levels significantly correlated with body weight at P13 and P18 (*r* = 0.7155, *p*\<0.0001, Fig. [5](#F5){ref-type="fig"}). From them, it would be inferred that body weight and serum IGF-1 levels between 7-rats and 14-rats groups were influenced by the difference of breastfeeding volume. In addition, the correlation coefficient between body weight and TRA was significant (*r* = 0.5032, *p*\<0.0001, Fig. [6](#F6){ref-type="fig"}), suggesting rat's eyeball itself have developed with the body weight gain. Whereas, VA did not have significant difference between 2 groups, which suggests that the speed of retinal vascular development may not significantly differed in both groups. Taken together, it is considered that 7-rats groups had relatively larger AVA than 14-rats groups, which caused higher retinal VEGF levels in 7-rats groups at P18. Holmes *et al.*^([@B31],[@B32])^ reported that the litter size affected normal retinal vascular development in normal neonatal rats and abnormal neovascularization in OIR rats. They resulted that VA were significantly greater in the smaller litters (10 pups/litter) than in the larger litters (18 pups/litter). On the other hand, we set 7 pups/litter as a smaller litter and 14 pups/litter as a larger litter, which the number of pups was within limits of an average litter size. Eighteen pups/litter were possibly so undernourished that lead to the vascular underdevelopment. Therefore, their findings were different from our result. Otherwise, Stahl *et al.*^([@B20])^ reported that OIR was more severe in mice with poor weight gain than moderate or extensive weight gain. These differences may be based on the period of oxygen exposure, litter size, or the use of different animal models such as mice and rats. They used larger litters as groups that received lesser nutrition, whereas we used them as normal nutrition groups. Because our purpose was to determine whether early aggressive nutrition had an effect on OIR, we used smaller litters as the higher nutrition groups. Although this has not clarified the relationship between neonatal nutrition intake and ocular development, considering the findings in our OIR rat model, there is a possibility that abundant nutrition may increase the severity of OIR.

In our study, NV score at P18 in 7-rats was relatively higher than that of 14-rats group. NV score of each animal varied widely, and number of samples might not be enough in our study. That may be the reason why there was not significant difference in the two groups. The limitation of this study is that this rat model is somewhat different from OIR in premature infants. Low gestational age and being small for gestational age (SGA) increase the risk for severe ROP.^([@B23])^ In contrast, the rat pups in this study were born as term newborns and were of appropriate size for their gestational age. An OIR rat model using SGA rat pups may demonstrate a different phenomenon.^([@B29])^ In addition, it is important to consider the number of pups in a litter when an OIR model is used because different numbers of pups in a litter can affect the severity of OIR.

In conclusion, excess breast milk intake in OIR rat pups caused body weight gain and retinal development, whereas there was less effect on retinal vascularization in our study.
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![Digital images of typical stained retinal flat mounts. (A) 7-rats group at P13. %AVA was 29.0%. (B) 14-rats group at P13. %AVA was 15.1%. (C) 7-rats group at P18. NV score was 7, and %AVA was 15.5%. (D) 14-rats group at P18. NV score was 4, and %AVA was 2.2%. Short ridges were found in (C) and (D) (black arrows).](jcbn14-57f01){#F1}

![Postnatal body weight gain. There was no significant difference between 7-rats and 14-rats groups at P1. From P2, there was significant difference between 2 groups (\**p*\<0.001). Data are expressed as mean ± SEM (At P1: *n* = 14 in the 7-rats groups, *n* = 28 in the 14-rats groups).](jcbn14-57f02){#F2}

![Transitional change in retinal VEGF (A) and serum IGF-1 (B) levels. Data are expressed as mean ± SEM (*n* = 7 for each of the groups in (A) and (B)). \**p*\<0.05, \*\**p*\<0.01.](jcbn14-57f03){#F3}

![Transitional change in TRA (A), %AVA (B), VA (C) and NV scores (D). Data are expressed as mean ± SEM (*n* = 7 in the 7-rat groups and *n* = 14 in the 14-rat groups at each time point). \**p*\<0.05. %AVA in 7-rats group was relatively larger than that of 14-rats group at both P13 and P18, but there was no significant difference (B). There was no significant difference in (C) or in (D).](jcbn14-57f04){#F4}

![A positive significant correlation was noted between body weight and serum IGF-1 levels (*r* = 0.7155, *p*\<0.0001). Scatter plot included the data at P13 and P18 in 7-rat and 14-rat groups.](jcbn14-57f05){#F5}

![A positive significant correlation was noted between body weight and TRA (*r* = 0.5032, *p*\<0.0001). Scatter plot included the data at P13 and P18 in 7-rat and 14-rat groups.](jcbn14-57f06){#F6}
